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Acoustofluidics for simultaneous droplet transport and 
centrifugation facilitating ultrasensitive biomarker detection  
Jingui Qiana‡, Huaize Lana‡, Liang Huanga, Shaohui Zhengb, Xufeng Hu*a, Minhui Chen*b, Joshua E.-
Y. Leec and Wei Zhang*d 

Trace biological sample detection is critical for the analysis of pathologies in biomedicine. Integration of microfluidics 
manipulation techniques typically strengthens biosensing performance. For instance, using isothermal amplification 
reactions to sense trace miRNA in peripheral circulation lacks a sufficiently complex pretreatment process that limits the 
sensitivity of on-chip detection. Herein we propose an orthogonal tunable acoustic tweezer (OTAT) to simultaneously 
actuate the transportation and centrifugation of μ-droplets on a single device. The OTAT enables diversified modes of 
droplet transportation such as unidirectional transport, multi-direction transport, round-trip transport, tilt angle movement, 
multi-droplet fusion, and continuous centrifugation of the dynamic droplets simultaneously. The multiplicity of modalities 
enables the focusing of a loaded analyte at the center of the droplet or constant rotation about the center axis of the droplet. 
We here demonstrate the OTAT’s ability to actuate transportation, fusion, and centrifugation-based pretreatment of two 
biological sample droplets loaded with miRNA biomarkers and multiple mixtures, as well as facilitating the increase of 
fluorescence detection sensitivity by an order of magnitude compared to traditional tube reaction methods. The results 
herein demonstrate the OTAT-based droplet acoustofluidic platform’s ability to combine a wide range of biosensing 
mechanisms and provide a higher accuracy of detection for one-stop point-of-care disease diagnosis. 

1. Introduction 
The integration of microfluidics and biosensing technologies has 
the potential to advance the quality of healthcare through 
point-of-care (POC) disease diagnosis. Several lab-on-a-chip 
(LOC) microfluidic diagnostic platforms have been developed to 
improve biosensing performance.1 For example, the detection 
of miRNA in peripheral circulation has been recognized as a 
promising strategy for early disease diagnosis or monitoring of 
therapeutic response. Existing methodologies mostly rely on 
isothermal amplification reactions for miRNA detection without 
thermocycling equipment. Nevertheless, such samples still 
need to undergo complicated pretreatment procedures (e.g., 
manual mixing intensity enhancement) to capture trace 
concentrations of miRNA biomarkers in bodily fluids. This 
inevitably requires microfluidics to improve the sensitivity of 
miRNA detection and achieve a one-stop biosensing platform. 

Microfluidics is now able to perform a range of functions in 
the fields of chemical analysis2, 3 and biological detection,4-8 

such as organismal body analysis,9 drug encapsulation,10 cell 
encapsulation,11 cell screening and sequencing,12 and nebulizer 
treatment,13 etc. Among these examples, microfluidics has 
demonstrated the ability to manipulate individual droplets and 
micro to nano-objects in liquids, enabled by various forces 
associated with magnetics,14 optical,15 acoustics,16, 17 
electrowetting-on-dielectrics, dielectrophoresis, and 
hydrodynamics. Acoustic tweezers based on bulk acoustic 
waves (BAWs)18 and surface acoustic waves (SAWs)19, 20 allow 
for on-chip micro-manipulation that is contactless,21 non-
invasive,22 and highly biocompatible23. Given these unique 
advantages, acoustic tweezers have become a highly promising 
manipulation method and could play a crucial role in biomedical 
detection.  

Droplet acoustofluidics, based on single or multiple droplet 
samples, allows for reduced sample requirement, reduced cost, 
rapid response,24 high reproducibility, and high throughput. 
Typically, acoustic streaming is employed for programmable 
droplet manipulation25 (i.e., merging, splitting, and mixing) with 
a layer of oil coating on the surface of the piezoelectric 
substrate.26 Moreover, on a bare piezoelectric substrate, 
coupling the SAWs and radiated acoustic pressure gradient 
inside the droplets delivers satisfactory droplet handling within 
a compact footprint for module integration,27, 28 which is highly 
attractive for a wide range of LOC biological applications.29 
More advanced acoustic device designs, such as a phased array 
ultrasonic tweezer, have been proposed for versatile droplet 
manipulation on superhydrophobic surfaces by adjusting the 
position of the focal point (e.g., using a twin trap ultrasonic 
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field)30. However, it is unclear if these methods can be 
integrated with other essential biological sample processing 
capabilities, such as droplet centrifugation for reagent mixing, 
concentration, or purification.  

Typically, different designs of interdigital transducers (IDTs) 
are used to generate different functions of acoustofluidic 
manipulation on droplets and the micro-objects contained 
within. The droplet acts as a carrier and is commonly used to 
carry biological cells,31 proteins,32 and other tissues in the 
droplet acoustofluidic platforms. The ability to transport 
droplets to predetermined locations quickly is critical for 
biochemical analysis.33 Meanwhile, droplet centrifugation is 
also an essential sample preparation procedure in biological 
detections. Droplet centrifugation, driven by an asymmetric 
acoustic field, promotes adequate mixing of low-concentration 
analytes (e.g., trace biomarkers) inside the droplet, which helps 
to increase the detection sensitivity of biological samples.34-36 
Therefore, realizing both micro-droplet transportation and 
centrifugation simultaneously on a single acoustofluidic device 
could pave the way towards on-chip ultrasensitive trace 
biomarker detection (e.g., detection of miRNA). 

In this work, we propose an orthogonal tunable acoustic 
tweezer (OTAT) to dynamically actuate both micro-droplet 
transportation and centrifugation on a single SAW device. The 
OTAT comprises two pairs of slanted-IDTs (SIDTs) in the X and Y 
directions that generate narrow acoustic beams that propagate 
forward toward a specific location. The analyte-containing 
droplet moves on the hydrophobic surface in two dimensions, 
driven by traveling SAWs (TSAWs) of a specific frequency. This 
enables several different functions such as unidirectional 
transport, multi-direction transport, round-trip transport, tilt 
angle movement, and multi-droplet fusion. Simultaneously, the 
droplets continue to centrifuge during this dynamic movement 
(as opposed to a sessile droplet), either focusing the larger 
analytes (＞2 μm) to the center area or constantly rotating 
smaller analytes (0.5-2 μm) about the center axis of the droplet. 
We demonstrate the capabilities of the OTAT for actuating the 
biological sample droplet (e.g., loading biomarkers and 
amplification reaction mixtures) for droplet transport, fusion, 
and centrifugation-based pretreatment, which facilitates the 
fluorescence detection sensitivity of miRNA increased by an 
order of magnitude (from 10-12 M to 10-13 M) compared to 
traditional tube reaction methods. Therefore, the OTAT-based 
droplet acoustofluidic platform can be integrated with 
biosensing, promoting the accuracy and portability of POC 
disease diagnosis. 

2. Materials and Methods 
2.1 Design and fabrication of the OTAT 

A schematic diagram of the OTAT is shown in Fig. 1(a). The 
device integrates both droplet transport and centrifugation 
functions. The acoustic device consists of two sets of SIDTs 
formed on a 128° YX LiNbO3 substrate along the X and Y 

directions, annotated as SIDT-1, SIDT-2, SIDT-3, and SIDT-4 
respectively. Each SIDT consists of 20 pairs of working 
electrodes with 10 pairs of reflectors that guide the TSAWs to 
travel in one direction to reduce dissipation of acoustic energy. 
The SIDT pattern was formed by lithography, followed by 
depositing a 300 nm thick Al layer on the LiNbO3 surface using 
thermal evaporation. An optical image of the fabricated OTAT is 
displayed in Fig. 1(b). The widths and space of the electrodes 
and the reflectors increase from 50 μm to 100 μm, modulating 
the working frequency range in the X and Y directions ranges to 
lie within 10-20 MHz and 15-30 MHz, respectively (see S1). 
Before commencing the experiments, a droplet of homemade 
silicone polymer solution was uniformly coated and air-dried on 
the delay line area (e.g., manipulation region) to produce a 
hydrophobic and oleophobic surface to create a droplet contact 
angle of 100° (see S2 of ESI). The price of a quarter of a four-
inch LiNbO3 wafer is about 10 USD, with further reductions in 
cost expected with mass prodfuction. Moreover, the OTAT can 
be reused after careful washing using 75% alcohol solution or 
acetone. 
2.2 Sample preparation 

To characterize the effect of particle diameter on the 
acoustically-driven centrifugation-based enrichment efficiency, 
10 different sizes of polystyrene (PS) particles (100 nm, 500 nm, 
800 nm, 1 μm, 2 μm, 5 μm, 9 μm, 13 μm, 15 μm, and 20 μm) 
were each diluted to 4% (v/v) in deionized water (DW) as 
sample solutions. A portion of PS particles with a diameter of 9 
μm was diluted to 2% in DW as a sample solution for the droplet 
transport demonstrations. During the biomarker detection 
experiment, we performed the “invading stacking primer” (IS-
primer) amplification reaction (ISAR) in the tubes first as the 
control experiment. Next, we carried out the ISAR in a 16.5 μL 
droplet after mixing two sample droplets that include a 1.5 μL 
droplet containing miRNA (i.e., prepared at different 
concentrations) and a 15 μL droplet containing the 
amplification reaction mixtures (AR-mixtures). The prepared 
AR-mixtures consisted of 1 μL of 10 mM dNTPs, different 
amounts of polymerase and primer, different amounts of 
hairpin DNA probe (hDNA), phosphate buffer saline (PBS), and 
1×Cutsmart reaction buffer. The detailed sample preparation 
process is discussed in S3. Thereafter, a 1.5 μL droplet of miRNA 
was actuated by the OTAT to move and fuse with a 15 μL droplet 
of AR-mixtures, which was then acoustically centrifugated for 
enhanced on-chip detection demonstration.  
2.3 Experimental setup 

To confirm the working frequency range, the four SIDTs were 
characterized by a network analyzer (T5260C, TRANSCOM 
INSTRUMENTS, Shanghai, China). To actuate the TSAWs on the 
LiNbO3 substrate, the RF signal applied on the SIDTs was 
generated by a signal generator (DG4102, RIGOL, Beijing, China) 
and then amplified by power amplifiers (ZHL-5W-1+, Mini-
Circuits, New York, USA) in conjunction with a DC power supply 
(GPS-2303C, GWINSTEK, Suzhou, China). The sample droplets of 
different volumes were pipetted (Eppendorf, 20 μL, Germany) 
on the top of the SAW device. The respective contact angles of  
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Fig. 1 Design of the OTAT for integrating droplet transport and centrifugation functions on a single acoustic device. (a) Schematic diagram of the OTAT, which consists 
of two sets of SIDTs patterned along the X and Y direction of a LiNbO3 substrate. (b) Optical image of the fabricated OTAT. (c) Propagation of TSAWs on the surface of 
LiNbO3 substrate and into the droplet, where θR is the Rayleigh angle. (d) Schematic diagram of the process of droplet transport accompanied by centrifugation for 
particle handling. (e) Schematic diagram of trace miRNA detection process. Small droplets loaded with miRNA biomarkers were transported and fused with larger 
droplets loaded with AR-mixtures, followed by droplet centrifugation to enhance the adequacy of the ISAR. 

sessile droplets were derived by contact angle measuring 
instruments (OCA 15EC, Dataphysics, Germany). Droplet 
behaviors were recorded by video microscopy (AO-HD206, 
AOSVI, Shenzhen, China) and illuminated by an external LED to 
minimize light reflection. After the ISAR experiment, the 
irradiating fluorescence of the reacted droplets was visualized 
under violet light at a wavelength of 365 nm (WFH-204BS, 
Qiwei, Hangzhou, China). Afterward, all the reacted droplets 
were aspirated and sent to a multi-mode microplate reader 
(SpectraMax i3x, Molecular Devices, USA) to measure the 
specific fluorescence intensity value for miRNA biomarkers 
detection. 

3. Working principle  
As explained in Fig.1(c) and (d), the narrow beam of TSAWs 
excited by the SIDTs radiates along the surface of the LiNbO3 
substrate from the periphery of the droplet into its interior at 
the Rayleigh angle. When the laterally asymmetric TSAWs (i.e., 
asymmetric acoustic force Fa acting on the droplet) meet the 
droplet, a strong acoustic streaming force (ASF) will form inside 
the droplet to actuate the analytes in the droplet, resulting in 
particle enrichment at the center of the droplet or constant 
rotation about the center axis of the droplet due to differences 
in the acoustic radiation force (ARF) acting on the analytes in 
relation to the particle diameter. Simultaneously, the interior 
acoustic pressure also actuates the droplet to move forward 
(i.e., where the wavelengths of the TSAWs are much smaller 
than the size of the droplet).24, 27, 28, 37 After initial actuation, the 
excitation signal frequency may be further fine-tuned to shift 
the propagation paths of the TSAWs for centrifugation to 
enhance the agglomeration of particles if needed.38 The 
simulations in Fig.2(a) and (b) compare the acoustic field 
distribution formed by the interference of TSAWs generated by 
a normal IDT vs. a narrow IDT (mimicking the effect of SIDTs 
excited by a single given frequency). The TSAWs in the X and Y 
directions generated by normal IDTs interfere with each other 
to generate a periodic distribution of wave peaks and troughs. 
In contrast, the two directions of TSAWs generated by narrow 
IDTs form an irregular acoustic field distribution, which enables 
simultaneous manipulation of the droplet in two dimensions. 

Fig. 2(c) and (d) simulate narrow beam TSAWs (generated in 
relation to Fig. 2(b) propagating on the surface of the LiNbO3 
substrate and penetrating into the hydrophobic layer (i.e., 
silicon polymer analogs were used in the simulation) to form 
asymmetric acoustic pressure gradients inside the droplet, thus 
enabling both particle centrifugation and transport.39 
Therefore, the simulation results corroborate the working 
mechanism of the OTAT and confirm the feasibility of 
acoustofluidic manipulation (documented in Video S1).  

The amount of miRNA expression levels in bodily fluid has 
critical effects across various biological processes including 
various pathological states. As one kind of strand displacement 
amplification reaction,40 ISAR41-43 would be applied to transform 
one miRNA into an abundance of fluorescent signals by opening 
the hairpin DNA (hDNA) at a constant temperature, which is 
termed the target-introducing “fuels-loading” mechanism. A 
schematic diagram for the simultaneous actuation of droplet  

 

Fig. 2 Acoustic pressure distribution simulation on the LiNbO3 substrate and μ-
droplet. (a) and (b) acoustic field distributions formed by simultaneous excitation 
of TSAWs in the X and Y directions using normal IDTs and narrow IDTs (mimicking 
the effect of SIDTs driven at a single frequency), respectively. (c) and (d) Side view 
and top view of the simulation showing asymmetric TSAWs generated and 
propagating on the surface of the LiNbO3 substrate along with the resulting 
acoustic field distributions inside the droplet.   
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transport and centrifugation with the goal of enhancing the 
sensitivity of trace miRNA biomarker detection is shown in Fig. 
1(e). We prepared two sample droplets: a smaller droplet of 
miRNA biomarkers and a larger droplet compromising AR-
mixtures. The smaller droplet was first actuated to move and 
fuse with the larger droplet. This was then followed by 
centrifugation of the fused droplet to enhance the adequacy of 
ISAR, validated by a tenfold increase in fluorescence detection 
sensitivity after acoustic treatment. 

4. Experimental results 
4.1 Effect of different volumes and power on droplet transportation 

Transporting different volumes of droplets is a crucial ability for 
the OTAT. We applied an alternating current (AC) signal with a 
power of 36.5 dBm (±0.5 dBm) on SIDT-1(i.e., along the X 
direction). The initial excitation frequency was determined by 
observing the dynamics of the droplets instantaneously 
captured by the TSAW. The signal frequency was swept 
depending on the position of the droplet (e.g., between 11-
15MHz). Four different volumes of droplets (1μL, 3 μL, 5 μL, and 
8 μL) were successfully transported from one side of the 
manipulation area to the other (Fig. 3(a) and Video S2). 
Similarly, applying the same AC signal on SIDT2 (i.e., along the Y 
direction) and sweeping the excitation frequency (e.g., between 
16-20 MHz) results in the same four different volumes of 
droplets moving the same distance but at higher speeds (Fig. 3b 
and Video S2). Therefore, these results validate the ability of 
long-distance transport of μ-droplets using the OTAT. 

We have also measured the transport velocity of droplets 
under different levels of excitation power at the same given 
frequency. A 2 μL droplet was transported after applying 
excitation signals of 12.4 MHz (±0.2 MHz) on SIDT-1 and 20 MHz 
(±0.2 MHz) on SIDT-2. As shown in Fig. 4 (a), when the power 
was increased from 30 dBm to 37.5 dBm, the transport velocity 
of droplets was increased notably from about 0.2 mm/s to 2.8 
mm/s in the X direction and from 0.9 mm/s to 19.5 mm/s in the 
Y direction. The results indicate that the transport velocities of 
droplets in both directions differ significantly due to the 
anisotropy of the LiNbO3 crystal. To coordinate droplet handling 
in different 

 

Fig. 3 Performance characterization of acoustic droplet manipulation along the X 
and Y directions. The transportation trajectories of four different volumes of 
droplets (1 μL, 3 μL, 5 μL, and 8 μL) in the X (a) and Y (b) directions, respectively.  

 
Fig. 4 Quantitative characterization of droplet manipulation and centrifugation. 
(a) Effect of different input powers on the transport velocity of 2 µl droplet. (b) 
Duration of particle enrichment of different diameters inside the droplet under 
the same power. 

directions, the droplet velocity could be tuned by adjusting the 
TSAW path and the power amplitude of the excitation signal. 
4.2 Effect of centrifugation on different analyte sizes 

To characterize the centrifugation performance of the OTAT, we 
employed PS particles of different diameters (same 
concentration kept at 4%) serving as analytes in the experiment. 
We observed three classes of outcomes resulting from the same 
actuation condition of 20 MHz (±0.1 MHz) frequency and 
power of 31.5 dBm (±0.5 dBm) applied to SIDT-2 for Y direction 
TSAW propagation: (1) the smallest PS particles (100 nm 
diameter) only rotated about the center axis of the droplet 
instead of clustering at the center (Fig. 5a); (2) mid-sized PS 
particles (diameters of 500 nm, 800 nm, 1 μm, and 2 μm) both 
rotated and partially cluster at one side of the droplet (Fig. 5b-
e); (3) the largest PS particles (diameters of 5 μm, 9 μm, 13 μm, 
15 μm, 20 μm) cluster completely at one side of the droplet (Fig. 
5 f-j). Fig 4(b) summarizes the enrichment time of the particles 
(concentration of 4%) in relation to size inside the 5 µL droplet 
treated by the TSAWs along X and Y directions. These results 
indicate that the larger the particle diameter (＞5 μm), the 
shorter the enrichment duration, given that the ARF is 
proportional to the third power of particle diameter.44, 45  The 
results for particles smaller than 2 μm have been omitted 
because there was no enrichment or the enrichment was only 

 

Fig. 5 Performance characterization of acoustic centrifugation for a range of 
particle diameters from 100 nm to 20 μm. (a) Rotation about the center of the 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

droplet only (yellow dotted box), partial clustering of particles (cyan dotted box), 
and full clustering of particles (blue dotted box).  

partial and impossible to count the particles (i.e., the ARF 
applied to the analyte is insufficient for efficient capture due to 
the strong dependence of ARF on particle size). It is worth 
mentioning that the centrifugal function of maintaining high 
rotation speed or partial enrichment meets the needs for trace 
biomarkers (e.g. in the nanoscale range) in this work.  
4.3 Diversified droplet manipulation in a single direction 

The wide operating frequency range of the OTAT uniquely 
enables both droplet transport and centrifugation by using a 
single SIDT or combinations of SIDTs. We swept the frequency 
between 10-15 MHz for SIDT-1 (X direction) and between 19-25 
MHz for SIDT-2 (Y direction) to manipulate droplets in a single 
direction. As shown in Fig. 6, exciting the TSAWs (e.g., the input 
power of 35dBm) to act at different positions along the 
periphery of the droplets pushes the droplets to move along 
different angles relative to a horizontal reference. When the 
path of the TSAW is aligned with the center of the droplet, the 
droplet moves forward and the angle between the droplet 
transport trajectory and the center line of the droplet is close to 
0 (Fig. 6a). When the path of TSAW is below the center of the 
droplet, the droplet trajectory is along a positive acute angle 
relative to the horizontal line (+23°) (Fig. 6b). When the path of 
the TSAW is above the center of the droplet, the droplet 
trajectory is along a negative acute angle relative to the 
horizontal line (-13°) (Fig. 6c). Droplet transport along different 
angles of trajectories have been captured in Video S3. 
Therefore, the transmission path of TSAWs generated by the 
OTAT could be changed by tuning the signal frequency, thereby 
changing the trajectory path of droplets as desired. Quickly 
adjusting the excitation frequency helps to correct the droplet 
movement trajectory if needed. Fig. 6 (d), (e), and Video S4 
demonstrate the fusion of two initially separate droplets. 
Actuation is applied to droplet A, which moves and fuses with 
stationary target droplet B in the form of offset angles relative 
to the horizontal reference line for both the X and Y directions 

 

Fig. 6 Diversified droplet transport in multiple programmable directions as 
desired. (a), (b) and (c) Different droplet transport trajectories resulting from 
TSAWs acting parallel and slanted relative to the center line of the droplet. (d) and 
(e) Droplet A pushed to fuse with droplet B (stationary) by TSAW actuation in the 

X and Y direction, respectively. (f) Manipulating multiple droplets by sweeping 
frequency. 

 
Fig. 7 Diversified droplet manipulation in multiple directions. (a) and (b) A 1 µL 
droplet being transported forward and backward in the X and Y directions, 
respectively. (c) A 2 µL droplet subjected to "right angle" transport under TSAW 
actuation in Y and X directions in sequence. (d) Two 1 μL droplets of pushed 
simultaneously towards each other and fused into one under TSAW actuation in 
both X and Y directions. 

 respectively. The stationary state of droplet B, while droplet A 
is actuated, is due to the partial acoustic absorption by droplet 
A, and the larger attenuation being at a far longer distance from 
the source of the TSAW.16 Interestingly, all droplet transport 
processes are accompanied by droplet centrifugation. Fig. 6 (f) 
and Video S4 illustrate OTAT's ability to transport multiple (≥3) 
droplets continuously by sweeping the frequency of the SIDTs. 
4.4 Diversified droplet manipulation in multiple directions 

Fig. 7 illustrates how using a combination of SIDTs can 
manipulate droplets in a variety of modes.  After applying an 
excitation signal with a power of 36.5 dBm (±0.5 dBm) on SIDT-
1 and tuning the frequency, the droplet moved from the edge 
of SIDT-1 to the edge of the SIDT-3, as shown in Fig. 7(a). Apart 
from droplet transport, the particles clustered on the side of the 
droplet. Subsequently turning off SIDT-1 and turning on SIDT-3 
with the same excitation signal moves the droplet back to its 
initial position, with the particles clustered on one side of the 
droplet. The same test was repeated for SIDT-2 and SIDT-4 
(same power but different frequency) and similar results were 
recorded in Fig. 7(b). Therefore, the OTAT enables both round-
trip transport of droplets as well as centrifugation by 
sequentially exciting TSAWs with different SIDTs in the same 
direction, which is also documented in Video S5.  

The results show that exciting SIDTs along one axis actuate 
one-dimensional droplet transport. Conversely, two-
dimensional droplet transport requires exciting SIDTs in both X 
and Y directions, as shown in Fig. 7(c) and Video S6. In these 
experiments, a 2 μL droplet was first placed at the edge of SIDT-
2. The TSAWs generated from SIDT-2 push the droplet away 
from SIDT-2 and towards the edge of SIDT-1. Upon reaching the 
edge of SIDT-1, turning off SIDT-2 and turning on SIDT-1 pushes 
the droplet away from SIDT-1 to move toward the center of the 
manipulation region. The net effect is a curved path in the 
clockwise direction, or “right angle” transport. In addition, we 
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also used the TSAWs in the X and Y directions simultaneously to 
fuse two droplets in the center of the manipulated region. Two 
1 μL droplets were placed on the front edge of SIDT-1 and SIDT-
2. Applying an excitation signal with a power of 35 dBm and 
tuning the frequencies on both SIDTs transports the initially 
separated two droplets to the center of the manipulation region 
where they then fuse into a single droplet, as shown in Fig. 7 (d) 
and Video S7. These results indicate that the combination of 
four TSAWs in two directions allows for diverse manipulation of 
μ-droplets. 
4.5 Acoustofluidic manipulation facilitates ultrasensitive miRNA 
detection 

As mentioned earlier, fusion with microfluidic sample 
treatment technology will improve the sensitivity of biological 
detection. We have combined the acoustofluidic droplet 
manipulation technique with on-chip trace miRNA detection. 
Under the optimal conditions, five kinds of concentrations of 
miRNA-21 (0, 10-15 M-10-12 M) were prepared using the serial 
dilution method in PBS for detection to investigate the 
sensitivity of our OTAT treatment method (experiment group) 
and traditional tube reaction method (control group). We 
conducted the same acoustofluidic manipulation function 
described in Fig. 6(d) and (e). First, a smaller 1.5 μL droplet of 
miRNA was actuated by the OTAT to move and fuse with a larger 
15 μL droplet of prepared AR-mixtures accompanied by 
centrifugation for 11.1 s. Next, the drive frequency was adjusted 
to actuate only centrifugation for about 40 s. The state of the 
droplets were then recorded every 5 min for the next 30 min. 
Every 5 min, we turned on the acoustic centrifugation for about 
15 s. Recorded optical images of the droplet during the 30 min 
period are captured in S4. Fig. 8(a) and Video S8 record the 
transport and fusion of the two droplets for miRNA detection.  

 

Fig. 8 Ultrasensitive detection of trace miRNA biomarkers. (a) A 1.5 μL droplet of 
miRNA is moved and fused with a 15 μL droplet of the AR-mixtures accompanied 
by centrifugation within 11.1 s. (b) Numerical fluorescence intensity of miRNA 
detection at five different concentrations by the OTAT treatment method and 
traditional tube reaction method. (c-g) Fluorescence visualization analysis of 
miRNA at concentrations of 0, 1, 10, 100, and 1000×10-15 mol/L after full reaction 

(experimental group) under violet light irradiation at 365 nm, respectively, which 
is compared with the traditional tube reaction method (control group). 

The fluorescence signal intensity is determined by the number 
of opening hDNA, which in turn indicates the amplification 
efficiency of the target-introducing “fuels-loading” mechanism. 
The fluorescence signal from the OTAT treatment method 
responded with a miRNA-21 concentration of about 10-13 M, 
while the same fluorescence signal from the traditional tube 
reaction method responded with a miRNA-21 concentration of 
about 10-12 M as shown in Fig. 8(b). Under violet light (UV) 
irradiation at a wavelength of 365 nm, it can be observed that 
the fluorescence intensity from the “fuels-loading” mechanism 
(e.g., highlighted by a yellow dashed box) under droplet 
manipulation is significantly higher than that without “fuels-
loading” (without miRNA target, e.g., highlighted by a red 
dashed box) as shown in Fig. 8(c-g). The red dashed box of Fig. 
8(c-g) shows the negative control experiment result of miRNA-
21 detection by the OTAT treatment with the same conditions, 
indicating this assay could provide a sensitive method without 
false positive results. Moreover, the OTAT can efficiently 
enhance the detection sensitivity of trace biomarkers by 
providing high-speed rotation of droplets and adequate analyte 
mixing to improve the probability of miRNA targets being 
amplified for enhanced amplification efficiency. We 
characterized the temperature change on the droplet during 
acoustic manipulation (mimicking the process of miRNA 
detection). As discussed in S5, the feeble thermal effect from 
the OTAT does not affect the detection sensitivity of miRNA 
biomarkers. A comprehensive comparison of recently 
developed droplet microfluidic technologies for miRNA 
detection is discussed in S6, which highlights the advantage of 
the OTAT in terms of both sensitivity and response time. 

5. Discussion 
In this work, four SIDTs were used to form an OTAT to excite a 
narrow beam of TSAWs, which radiates into the interior of the 
droplet as an asymmetric wave to actuate the droplet transport 
and centrifugation simultaneously. Compared with the 
conventional design, the OTAT simplifies the experimental 
operation. Integrating droplet transport and centrifugation on a 
single acoustofluidic device benefits analyte bioassays available 
in trace concentrations. In our experiments, droplets were 
randomly pipetted on the manipulation region and the 
propagation path of the TSAWs could be accurately tuned to 
capture the droplet by sweeping the drive frequency. We can 
determine whether the TSAWs have captured the droplet by 
observing whether the droplet shape wobbles during the 
frequency sweep.  

However, the current state of the realized OTAT is still some 
way off from automation and clinical use. At present, one is 
unable to accurately predict and judge the excitation position of 
TSAWs initially. One must judge the propagation path of TSAWs 
by sweeping the frequency within the operating frequency of 
corresponding SIDTs and observing the dynamics of droplets. 
During the process of droplet transport with centrifugal action, 
the centrifugation could be unsatisfactory, requiring fine-tuning 
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of the exciting frequency to adjust the propagation path to 
enhance centrifugation results. Moreover, the treatment effect 
of the hydrophobic surface affects the frictional force of the 
droplet with the substrate surface when it slides, which will 
change the droplet transport trajectory (for example, becoming 
curved). If it is necessary to transport the droplet to a 
predetermined position, one could quickly adjust the excitation 
frequency or use multiple SIDTs in combination to reconfigure 
the propagation path of the TSAWs to correct the droplet 
trajectory. In addition, to refine the experiment and reduce 
droplet evaporation over longer experiment times, one could 
perform the assay on biological samples in an oil-phase 
environment (see S7). The preprocessing steps of the 
demonstrated miRNA detection are relatively few. As explained 
in S8, the proposed OTAT also has the application potential in 
multi-step manipulation processing for multiple droplets to 
facilitate miscellaneous biological detection. 

6. Conclusions 
We designed two pairs of orthogonal SIDTs to form an OTAT and 
developed a multifunctional droplet manipulation technology, 
which integrates droplet transportation and centrifugation on a 
single acoustofluidic chip. Droplet transport trajectory and 
centrifugation efficiency can be tuned by shifting the excitation 
frequency of the input signal and using different SIDTs in 
sequence. We used single SIDT and multiple SIDTs to realize 
different droplet transport trajectories and functions, such as 
unidirectional transportation, multi-direction transportation, 
round-trip transport, tilt angle movement, and multi-droplet 
fusion. We have shown that the OTAT is able to push larger 
analytes (＞2 μm) to cluster at the droplet center while smaller 
analytes (＜0.5-2 μm) remain orbited around the center axis of 
the droplet. This work opens new ideas about pathogen 
detection in the field of biology and medicine. We have 
demonstrated that the OTAT is capable of a successive series of 
pretreatment processes of droplets containing biological 
samples, including transport, fusion, and centrifugation, 
resulting in the increase in fluorescence detection sensitivity of 
miRNA by an order of magnitude (from 10-12 M to 10-13 M) 
compared to traditional tube reaction methods. These results 
highlight the potential of the proposed OTAT-based droplet 
acoustofluidic platform to be integrated with a range of 
biosensing techniques such as pathological cell detections, drug 
delivery, and biological component analysis, towards building a 
one-stop on-chip high-accuracy POC disease diagnostic device. 
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